Drying is essential before wood can be used. The tortuosity of the moisture transport path in wood profoundly affects drying speed and timber quality. Solar drying can reduce drying costs and energy consumption while producing high-quality timber. Unfortunately, solar drying is much slower than many other kiln systems. Intense microwave heating rapidly generates steam inside moist wood. The resulting internal pressure selectively ruptures the wood structure, creating radial pathways through which moisture may readily move. This modification process does not dry the wood, but vastly increases its permeability, allowing the wood to dry faster with minimal degradation of the timber quality. Subsequent experimentation in a solar kiln resulted in a 17% reduction in drying time for microwave-treated Populus alba samples, compared with untreated samples dried in the kiln at the same time. In a second experiment, microwave-treated Eucalyptus regnans samples dried in 33% less time than untreated samples dried in the solar kiln at the same time. There was no difference in timber quality between treated or control samples during either experiments. These reductions in drying time are attributable to a combination of wood modification and the initial moisture loss associated with microwave treatment. The energy requirements for microwave treatment were approximately 104 kW-h m −3 .
mphasis in the Australian hardwood industry is shifting away from structural-grade timber toward the production of high-value products (Vermaas, 2000) . This is also true in China, Chile, Brazil, and South Africa, all of which have substantial eucalyptus-based hardwood industries (Vermaas, 2000) . The high shrinkage, low diffusivity, and highly refractory properties of many hardwoods and some softwoods make them extremely difficult to dry without drying defects, especially in back-sawn boards (Rozsa, 1998) . Drying defects include: splitting (often referred to as checking), warping, twisting, and collapse. To facilitate this shift in industry emphasis toward high-quality products, drying technology is once again becoming an important focus of research and development.
Solar power is a convenient and cheap source of energy that can be easily applied to timber drying (Vermaas, 2000) . Solar power can be used to either supplement the power requirements in a conventional drying kiln or it can be the sole power source for timber drying. In the first case, using solar energy can reduce timber drying costs and energy consumption by 50% compared with systems that use more conventional energy sources (Bux et al., 2001) . In the second case, solar energy charges the drying kiln with thermal energy between sunrise and local solar noon. This charging phase is followed by a thermal discharging phase between solar noon and the following dawn.
During the charging phase, the temperature inside the solar kiln is usually well above the ambient temperature and wood drying is accelerated compared with normal air-drying. The author is Graham Brodie, ASABE Member Engineer, Lecturer, School of Resource Management, University of Melbourne, Nalinga Rd., Dookie, Victoria, 3647 Australia; phone: +61-3-58339273; fax: +61-3-58339201; e-mail: grahamb@unimelb.edu.au.
During the discharge phase, the relative humidity slowly rises as the temperature falls. This slows the surface drying rate, allowing the moisture gradient inside the wood to equalize and drying stresses in the timber to relax (Rozsa, 1998) . Consequently, the quality of solar-dried wood is usually quite good.
In spite of its potential benefits, solar-powered drying is still quite slow. This can be directly linked to the moisture permeability and density of the wood (Rozsa, 1998) . Moisture permeability and density are difficult to manipulate.
Steam pre-conditioning has been used for some time to increase the permeability of Pinus radiata (D. Don); however, a substantial strength loss is often incurred (Vinden and Torgovnikov, 2000) . Vinden and Torgovnikov (2000) have shown that controlled application of intense microwave energy to green timber can directly manipulate both permeability and density (Vinden and Torgovnikov, 2000; XiMing et al., 2002) by preferentially rupturing ray cells, which run from the pith to the cambium. This process forms pathways through the wood that allow easier transport of liquids and vapors.
The technique described by Vinden and Torgovnikov (2000) does not attempt to dry the wood using microwave energy. Rather, it modifies the wood structure to facilitate faster drying in more conventional systems. This article specifically addresses the application of microwave treatment, as described by Vinden and Torgovnikov (2000) , to accelerate wood drying in a solar kiln.
SOLAR KILNS
The fundamental processes for converting solar energy into heat are the "greenhouse effect" and the "closed space effect" (Schepens et al., 1986) . The closed space effect is the major contributor to the observed temperature rise inside a solar heating structure (Schepens et al., 1986; Bowling, 1987) ; however, the greenhouse effect, which relies on the optical properties of the solar absorber's cover, improves the overall efficiency of the system by reducing the heat loss due to thermal radiation. Both principles rely on an absorber that is enclosed in a box or structure with a transparent cover (Schepens et al., 1986; Bowling, 1987) .
ENCLOSED SPACE EFFECT
When solar radiation penetrates the atmosphere, it is absorbed by the earth's surface and transformed into ambient thermal energy in the atmosphere. Usually, this thermal energy is diluted through a vast volume of air that is several kilometers thick. Reducing the volume of air to be heated, by enclosing it inside a structure, reduces this dilution effect and substantially increases air temperatures inside a greenhouse chamber (Schepens et al., 1986; Bowling, 1987) .
GREENHOUSE EFFECT
Essentially, the greenhouse effect relies on the optical properties of the material used to cover the solar absorber. The vast majority of solar energy arriving at the earth's surface is in the visible part of the electromagnetic spectrum (Drury, 1998) ; therefore, the absorber's cover should be transparent at visible wavelengths. As the absorber heats up, it radiates electromagnetic energy in the thermal-infrared part of the electromagnetic spectrum (Drury, 1998) . To maximize thermal efficiency in the solar absorber, the cover should be opaque at thermal-infrared wavelengths. Several materials, including glass, have these unique properties (Schepens et al., 1986; Bowling, 1987) .
SOLAR KILN DESIGN
To fully harness the "enclosed space" and "greenhouse" effects, solar kiln design should incorporate an optically transparent cover that is opaque at thermal-infrared wavelengths over a long, wide absorber with a high absorption coefficient. There should be a narrow gap between the cover and the absorber, and the airflow velocity through the absorber should be low. Good insulation should be installed in the enclosing structure to reduce heat loss.
Ideally, the solar absorber should track the sun in such a way that its surface is always perpendicular to the sun's rays. In practice, this is expensive to implement. Consequently, fixed non-tracking absorbers are commonly used in solar heating systems. More consistent year-round performance can be achieved when a fixed solar absorber is tilted toward the equator in such a way that it is in a plane parallel to the earth's axis. This implies that the tilt angle of the absorber should be equal to the local geographic latitude of the system.
MICROWAVE HEATING
Beginning with Maxwell's equations, Ayappa et al. (1991) demonstrated that the average power density (W m −2 ) at a distance z below the irradiated surface of a material of thickness W is: 
where f = frequency of the applied microwave radiation (Hz) E ³ (x, y) = electric field distribution in the plane perpendicular to the z direction (V m −1 ) c = speed of light (m s −1 ) e o = permittivity of free space e' = relative permittivity of the material e" = loss factor of the material. Other parameters are defined as:
It has been shown elsewhere (Brodie, 2006) that the equation that couples the simultaneous transfer of heat and moisture during microwave heating is:
where a v = air space fraction in the material t v = tortuosity factor D a = vapor diffusion coefficient of water in air (m 2 s −1 ) T = temperature (°C) M v = moisture vapor concentration in the wood pores (kg m −3 ) M s = moisture content of the wood fibers (kg kg −1 ) ρ s = density of the wood's solid material (kg m −3 ) C = thermal capacity of the composite material (J kg −1 °C −1 ) ρ = composite material density (kg m −3 ) k = thermal conductivity of the composite material (W m −1 °C −1 ) L = latent heat of vaporization of water (J kg −1 ). The parameters p and n are constants of association, which are calculated to satisfy:
Inclusion of the microwave power term in equation 7 and replacing pM v + nT by W yields: In summary, the problem at hand is to determine solutions to equation 9 when rectangular coordinate systems are adopted, while realizing that these solutions represent two synchronized waves of heat and moisture propagating at two different rates through the material, as is implied by equation 8. Further information about simultaneous heat and moisture diffusion can be found in Henry (1948) , Crank (1979) , and Brodie (2006) .
SOLUTIONS TO THE HEAT EQUATIONS
Provided the following boundary conditions are applied, solutions to equation 9 can be found by adopting the Laplace transformation technique:
The Laplace transformation of equation 9 is: with any particular solutions to the full differential equation (Bowman, 1965) .
Adopting rectangular coordinates and applying the limit theorem, i.e.,
, to ensure that the solution is bounded at time t = 0 yields: 
This can now be solved using standard mathematical tables (Crank, 1979; Mansfield, 1972) 
If either a or W become sufficiently large or if there is no inner surface to reflect from (i.e., G = 0), equation 14 can be simplified to become: 
It has been well documented that the microwave attenuation factor (a) is temperature dependent (Hill and Marchant, 1996; Nelson et al., 2001; Vriezinga, 1998) , although accu-rate data for many wood species is scarce. Equation 15 can be rearranged and simplified to yield: In this form, all the temperature-dependent terms are on the right side of the equation; therefore, this equation can be used to determine the electric field strength necessary to "sustain" a given temperature at a particular location and heating time. In so doing, it is possible to use equation 16 to explore temperature dependency of the various material parameters.
The relationships between the dielectric constants and temperature for moist wood were determined using data found in Perre and Turner (1999) and Torgovnikov (1993) :
Equations 16, 17, and 18, along with the wood data shown in table 1, were used to produce temperature versus applied electric field curves. Figure 1 shows the results of doing this for wood at 0.8 (80%) moisture content and several different heating times. Two important features become evident from figure 1: S There is a sudden jump in the temperature versus applied electric field strength curve from a relatively flat lower limb to a relatively flat upper limb. S The location of this jump depends on the heating time.
A shorter heating time requires a stronger electric field for the jump to occur compared with longer heating times. Wood modification, due to very intense microwave fields, is probably achieved because the temperature response jumps to the upper arm of the curves shown in figure 1. Under these conditions, the heating time needed to boil water in the wood cells will be very short, allowing ray cells to rupture before all the moisture escapes from these cells due to normal diffusion processes.
If sufficient microwave power is not available, figure 1 suggests that it may be possible to modify timber by exposing the wood to long microwave heating times at lower power, because the transition threshold between the lower and upper arms of the curves reduces with elapsed heating time. Care must be taken if this strategy is to be used, because this transition may occur after there has been substantial wood drying and could lead to wood charring.
METHOD
Three separate experiments were conducted to investigate the efficacy of microwave preconditioning as a solar wood drying accelerant.
CONFIRMING THE EXPECTED TEMPERATURE JUMP IN THE TEMPERATURE/ELECTRIC FIELD CURVES
In the first experiment, 18 samples of Eucalyptus regnans wood, cut into 25 × 25 × 300 mm blocks, were irradiated using an 86 × 43 mm waveguide excited by the magnetron of a variable-power, 2.45 GHz microwave generator. The samples were randomly allocated into treatments of 500, 1000, 1200, 1500, 2000, and 3000 W of applied microwave power.
The maximum electric field strength in the waveguide was calculated using equation 19, found in Metaxas and Meredith (1983) :
where P is the applied microwave power (W), a and b are the width (m) and height (m) of the waveguide respectively, l o is the wavelength of the microwave as measured in free space (m), and m and n are the mode designators for the microwave fields.
Temperatures were measured every 2 s using NoEMI-TS Series fiber optic thermal probes and a data logger. The probes were placed in pre-drilled, 2 mm diameter holes. The probes were sealed into the holes using silicone sealant.
Samples were placed on the centerline of the waveguide using a non-radiating tunnel and conveyor system. The wood samples were located in such a way that the electric field in the waveguide was oriented parallel to the wood grain. Samples remained stationary during irradiation. A matched water load was placed at the end of the waveguide to absorb any remaining microwave energy.
It is acknowledged that these holes will interact to some extent with the microwave field distributions inside the wood; however, their diameter is so small in comparison to the wavelength of the microwaves inside the wood (l [ 65 mm) that their influence should be reasonably small. It is also acknowledged that some localized cooling may occur due to surface evaporation inside the holes, but this cannot be avoided and the silicone sealant was used to reduce this to some extent.
DRYING OF WOOD TREATED IN A DOMESTIC MICROWAVE OVEN
In the second experiment, 60 samples of freshly felled Populus alba from the same tree, cut into 80 × 30 mm by 300 mm blocks, were randomly allocated into an air-dried treatment, a solar-dried treatment, and a microwave-preconditioned and solar-dried treatment. The microwave preconditioning was achieved by heating samples for 6 min on full power in a domestic microwave oven, nominally rated at 750 W and operating at 2.45 GHz. Samples were placed onto the turntable of the microwave oven in such a way that they were oriented along the diameter of the turntable.
The microwave irradiation time for this experiment was initially determined by trial and error. Sacrificial samples, not included as part of the experiment, were treated for times ranging between 1 and 10 min. After air drying, thin sections were cut from these microwave-treated samples and examined for signs of structural modification. Visual and microscopic inspection of these sections showed that 6 min created very small internal checks in the wood structure, without causing excessive degradation of the wood.
Populus alba was chosen for this experiment because of its relatively high moisture content. This allowed treatment in the domestic microwave oven without over-drying the samples. Populus alba is considered to be a very permeable species, so improvements in drying time associated with microwave treatment were expected to be very small.
DRYING OF WOOD TREATED IN A CONCENTRATING WAVE-GUIDE APPLICATOR
In the third experiment, 40 samples of freshly felled Eucalyptus regnans from the same tree, cut into 80 × 30 mm crosssection, were randomly allocated into a solar-dried treatment and a microwave-preconditioned and solar-dried treatment. The microwave preconditioning was achieved using the system illustrated in figure 2. The magnetron for this system was from a domestic microwave oven rated at 750 W operating at 2.45 GHz.
The second experiment was conducted in mid-spring (October) under variable cloud cover, while the third experiment was conducted in late summer (February) under clear skies. Both experiments were conducted at approximately 36° 22′ south latitude.
The climate at the experimental site is typically Mediterranean, with an average annual rainfall of 556 mm and 99 rain days, which occur mostly in the winter months. The temperature and humidity inside the solar kiln were measured using a thermo-hydrograph during the first experiment.
The end grain of each sample was sealed to simulate the drying behavior of long boards. The mean drying time, wood density, moisture content prior to microwave treatment, and moisture content prior to solar drying for each treatment were measured. Samples were weighed every second day and considered to be dry when the difference in weight from one weighing to the next was less than 0.002 kg. Eucalyptus regnans is a collapse-prone species; therefore, the total area of visible collapse zones was also measured using a 1 × 1 mm grid to provide a quantitative analysis of drying quality. Microwave-treated samples were microscopic− ally examined for signs of wood structure modification.
THE SOLAR KILN
The solar kiln used in experiments 2 and 3 is shown in figure 3. It is capable of holding 1 m 3 of properly stacked timber. The total volume of wood in the solar kiln during the experiment was less than 0.1 m 3 ; consequently, mutual interference between treatments in the solar kiln was considered to have been negligible. Figure 4 shows the temperature versus applied electric field strength for the first experiment. In most cases, once the transition to the higher arm of these curves took place, wood cell rupture, as described by Vinden and Torgivnikov (2000) , occurred in the wood sample. Figure 5 shows the temperature and humidity measured inside the drying chamber over two clear days during the October Populus alba experiment. The average maximum temperature for these two days, measured outside the solar kiln, was 17°C. Table 2 shows results from the second experiment, while table 3 shows results from the third experiment. Internal examination of the Populus alba samples showed some internal checking; however, this was not evident in the Eucalyptus regnans samples. Microscopic examination of the microwave-treated Eucalyptus regnans samples revealed microfractures in the exposed surfaces. Most of these microfractures were not visible to the unaided eye, although a very small number of samples showed fractures that were up to 5 mm in length, with the largest being approximately 0.25 mm wide. [a] In each column, measurements followed by different letters are significantly different from one another. [a] In each column, measurements followed by different letters are significantly different from one another. [b] Mean area affected by collapse.
RESULTS
The only evidence of drying degradation in any of the samples was some minor collapse in the Eucalyptus regnans samples, where the loss of cross-sectional dimension was between 1.0 and 2.0 mm. No other drying defects were observed in either treatment. Figure 1 shows the theoretical temperature versus applied electric field strength curves for wood. These were calculated using equation 19 and the somewhat limited data available from the literature. These curves are typical of the S-shaped temperature versus microwave power curves presented elsewhere in the literature (Hill and Marchant, 1996; Vriezinga, 1998) . Figure 4 is similar in form to figure 1, although the exact shape of the curves in figure 1 is not reproduced in the measured data. Certainly the key features of a sudden jump in the curve from a relatively flat lower limb to a relatively flat upper limb and the curve shifting, depending on the heating time, are evident. It is interesting to note from figures 1 and 4 that the transition threshold in the microwave's electric field decreases as the irradiation time increases. The poor match between theory and observed data may be due to the lack of specific dielectric and thermal data for the wood species used in this experiment.
DISCUSSION
Launching the temperature response to the upper arm of these S-shaped curves resulted in rapid heating in the wood cells, which boiled the water in the cells and achieved wood modification before the moisture could dissipate through normal diffusion processes. In the case of Populus alba, some of these internal fractures were much more evident than the microscopic fractures observed in Eucalyptus regnans.
These fractures enlarged the volume occupied by the wood and probably account for the 8% to 9% reduction in wood density observed in the microwave-treated samples from both experiments. There is a corresponding improvement in moisture permeability associated with this change in wood density.
Microwave treatment prior to solar drying reduced drying time for Populus alba and Eucalyptus regnans, compared with solar drying without microwave treatment, by 17% and 33%, respectively. This acceleration in drying may be attributed to a combination of the 8% to 9% reduction in wood density, a substantial improvement in moisture permeability associated with the internal fractures created in the wood structure, and a 34% reduction in moisture content during microwave treatment.
The energy requirements for microwave treatment were approximately 104 kW-h m −3 . This equates to a cost of AU$16.95 to AU$19.80 per cubic meter, depending on the energy tariff available at the treatment site.
CONCLUSION
In conclusion, microwave treatment of wood, prior to solar drying, significantly reduced drying time for Populus alba and Eucalyptus regnans without adversely affecting wood quality.
